The major immunogenic protein capsid (Cap) of porcine circovirus type 2 (PCV2) is critical to induce neutralizing antibodies and protective immune response against PCV2 infection. This study was conducted to investigate the immune response of recombinant adenovirus expressing PCV2b Cap and C-terminal domain of Yersinia pseudotuberculosis invasin (Cap-InvC) fusion protein in pigs. The recombinant adenovirus rAd-Cap-InvC, rAd-Cap and rAd were generated and used to immunize pigs. The phosphate-buffered saline was used as negative control. The specific antibodies levels in rAd-Cap-InvC and ZJ/C-strain vaccine groups were higher than that of rAd-Cap group (p < 0.05), and the neutralization antibody titer in rAdCap-InvC group was significantly higher than those of other groups during 21-42 days postimmunization (DPI). Moreover, lymphocyte proliferative level, interferon-γ and interleukin-13 levels in rAd-Cap-InvC group were increased compared to rAd-Cap group (p < 0.05). After virulent challenge, viruses were not detected from the blood samples in rAd-Cap-InvC and ZJ/C-strain vaccine groups after 49 DPI. And the respiratory symptom, rectal temperature, lung lesion and lymph node lesion were minimal and similar in the ZJ/C-strain and rAd-CapInVC groups. In conclusion, our results demonstrated that rAd-Cap-InvC was more efficiently to stimulate the production of antibody and protect pigs from PCV2 infection. We inferred that InvC is a good candidate gene for further development and application of PCV2 genetic engineering vaccine.
INTRODUCTION
Porcine circovirus type 2 (PCV2) is an essential pathogen of porcine circovirus-associated diseases (PCVADs) and caused great economic loss in pig breeding [1] [2] [3] . The main approach to control and prevents PCV2 infection is vaccination in pig industry [4] . At present, commercial inactivated vaccines based on PCV2 have been shown to be effective to decrease mortality and increase growth parameters in commercial pig herds. However, inactivated vaccines-induced immune responses are slow and weak, thus lead to inadequate protection [5] . In some farms, pigs immunized with PCV2 inactivated vaccines still have PCV2 infection even onset [6] . Genetic engineering vaccines could prevent multiple viruses attack and induce strong immune responses [7] [8] [9] . It has been reported that adenovirus vaccines have many advantages including simple preparation, high antibody titer, durable immune stimulation and high safety [10, 11] . PCV2 capsid (Cap) protein is the major immunogenic structural protein of PCV2 and is responsible for neutralizing antibodies and inducing protective immunity [12] . Therefore, Cap protein is the first choice for the research of PCV2 genetic engineering vaccines.
Several studies have demonstrated that recombinant adenovectors expressing Cap protein of PCV2 could induce the production of the specific antibody [11, [13] [14] [15] . However, the poor immune responses of recombinant adenovirus with Cap protein limit its application in PCVADs control and prevention. Several adjuvants and genes were selected as immunity enhancers, such as Intron A and woodchuck hepatitis virus posttranscriptional regulatory element, CD40 ligand (CD40L), and granulocyte-macrophage colony-stimulating factor (GMCSF), interferon (IFN)-γ, and so on [10, 16, 17] . In addition, Yersinia pseudotuberculosis invasin (Inv) protein has been reported to enhance cellular ability to capture antigens and improve immune responses of vaccines [18, 19] . Our previous study indicated that adenovirus expressing classical swine fever virus E2-C-terminal domain of Y. pseudotuberculosis invasin (InvC) fusion protein could enhance the immune protective effects [20] .
In this study, we attempted to establish a method to enhance immune protection of PCV2 adenovirus vaccine in Pigs. The recombinant adenovirus including PCV2b Cap gene and InvC gene was constructed to co-express both the antigen and the immune enhancing factor, and the animal immune experiment was carried out to evaluate the immune effect.
MATERIALS AND METHODS

Plasmids, virus and cells
Adenovirus shuttle vector pAdTrack-CMV and recombinant plasmid T-PCV2 inserted PCV2b full-length genomic sequence were provided by the Laboratory of Veterinary Public Hygiene and Food Safety of College of Veterinary Medicine, Northwest A&F University. pAd-(Gly4Ser)3-InvC was kindly provided by Dr. En-qi Du, the College of Veterinary Medicine of Northwest A&F University. Recombinant adenoviruses were cultured and propagated in human embryonic kidney293 (HEK293) cell line. PCV2b inactivated vaccine (ZJ/C strain) is a commercially available vaccine manufactured by Zhejiang Shihua Nuobeiwei Biotechnology. The virulent PCV2 strain SD-3 (GenBank No. EU366323) was used for challenge experiment.
Construction of recombinant adenovirus
Recombinant plasmids pAd-(Gly4Ser)3-InvC and T-PCV2 were used as templates to obtain InvC gene and Cap gene by polymerase chain reaction (PCR) amplification with the specific primers ( Table 1) . Recombinant adenoviral vector pAdTrack-CMV-Cap was constructed by inserting Cap gene into BglII and SalI restriction enzymes site of pAdTrack-CMV. InvC gene was amplified and cloned into pAdTrack-CMV-Cap to construct pAdTrack-CMV-Cap-InvC. A secretory signal peptide was inserted into upstream of Cap gene. All ligation products were transformed into DH5α. pAdTrack-CMV-Cap-InvC was linearized with PmeI enzyme digestion to obtain linearized homologous recombinant adenovirus vector pAd-Cap-InvC.
Recombinant adenoviruses packaging
The recombinant plasmids pAdTrack-CMV-Cap-InvC, pAdTrack-CMV-Cap and pAdTrack-CMV were linearized with the PacI restriction endonuclease and transfected into HEK293 cells by Lipofectamine 2000 Transfection Reagent (Invitrogen, USA) to produce 3 recombinant adenovirus rAd-Cap-InvC, rAd-Cap and rAd, respectively. Purified recombinant adenovirus was diluted as ten-times step and successively inoculated into 96-well plates which have paved cells from 10 −3 to 10
. There were 8 duplications for each dilatability and 100 μL/well. Then they were cultured at 37°C with 5% CO 2 for 5 days. At last, viral 50% tissue culture infectious dose (TCID 50 ) was calculated according to Reed-Muench method [21] .
Western blot analysis of the protein expression
The recombinant adenoviruses rAd-Cap-InvC, rAd-Cap and rAd were inoculated into pig kidney (PK-15) cell line at 20 multiplicity of infection for 48 h, respectively. Cells were harvested and treated with protein lysis buffer for 10 min on ice. Cell lysates were centrifuged at 10,000 g for 5 min at 4°C. The protein samples were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (Millipore, USA). The membranes were blocked with 50 g/L skim milk before incubated with rabbit anti-PCV2 Cap antibody (gifted by Dr. Zeng-jun Lu, Lanzhou Veterinary Research Institute, Chinese Academy of Agriculture Sciences) which used as the primary antibodies, followed by mouse anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase (Santa Cruz Biotechnology, USA) as the secondary antibodies. A mouse anti-porcine glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (Life Span Biosciences, USA) was used as an internal reference. Signals were visualized by enhanced chemiluminescence Western blotting analysis system (Thermo Fisher Scientific, USA).
Immunization and challenge
The recombinant adenovirus rAd-Cap-InvC, rAd-Cap and rAd were purified and concentrated by using Adenovirus purification mini kit (Biomiga, USA) under the manufacturer's instruction. The adenovirus titer was adjusted to 10 10 TCID 50 /mL. Twenty 6-week-old female piglets (without PCV2 antibody) were randomly divided into 4 groups. Group A, B and C were inoculated with 1 mL recombinant adenovirus rAd-Cap-InvC, rAd-Cap, or rAd (10 10 TCID 50 /piglet) by intramuscular inoculation, respectively. Group D were immunized with 1-dose commercial inactivated vaccine (ZJ/C-strain) and served as the positive control. Group E was vaccinated with PBS as the negative control. Booster immunization was performed on 14 DPI, and the virus dosages and immune methods were same as the primary immunization. Finally, all animals were challenged with 5 × 10 5 TCID 50 of PCV2 SD-3 per pig on 28 DPI. Following the challenge, the pigs were monitored daily and all surviving pigs were euthanized after the experiment.
All animal procedures were approved by the Animal Care and Use Committee of Northwest A&F University (approval No. NWAFU 20131017/02). Piglets were from the Ecological Breeding Base of Northwest A&F University. All efforts were made to minimize animal suffering. Immune enhancement of Cap-InvC fused protein in pigs 
Clinical evaluation
Following PCV2 SD-3 inoculation, the pigs were monitored daily for physical conditions and the clinical respiratory disease score was given to each piglet with the method described previously [22] . Rectal temperatures were recorded daily from 28 DPI through 42 DPI. Observers were blinded to vaccination status.
Detection of PCV2 specific antibody by enzyme-linked immunosorbent assay (ELISA)
Blood samples of each piglet was collected individually on 0, 14, 21, 35, and 42 DPI. Then separated serum was used to test the PCV2 antibody level according to the manufacturer's instruction of Antibody Test Kit for PCV2 (ELISA) (Shenzhen Finder Biotech., China). Antibody levels were presented as the values of optical density (OD450).
Virus neutralization assay
The serum samples were serially diluted in 2-fold with a starting dilution of 1:2. Then 100 μL of PCV2 SD-3 (200 TCID 50 ) was mixed with equal volume of serum and incubated for 1 h at 37 °C. The serum-virus mixture was added into PK15 and incubated in 5% CO 2 at 37 °C for 72 h. The cell monolayer was were fixed with cold 80% acetone (50 μL/well) for 20 min. The cells were incubated with anti-PCV2 antibody diluted at 1:1,000 with PBS for 1 h at 37°C, and followed by staining with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Boshide, China). All cells were washed 3 times with PBS and read under a fluorescent microscope. Cells with FITC fluorescent staining were recorded as infected. The antibody titers were expressed as the reciprocal of the highest serum dilution at ≥ 80% fluorescent focus reduction.
Lymphocytes proliferation assay by MTT
Fresh peripheral blood was collected at 28 DPI before the challenge. Then the blood samples were diluted with saline at 1:1 and added to the upper layer of lymphocyte separation medium. lymphocytes were collected at the white lymphocyte layer in the middle layer of the separation medium after centrifuging at 1,500 g for 15 min. Lymphocytes were seeded into a 96-well plate and cultured in Roswell Park Memorial Institute (RPMI) 1640 containing 10% fetal calf serum and Cap protein (20 μg/mL) at 37°C for 72 h. Without Cap protein group was served as negative control. Then, 20 μL of 5 mg/mL MTT (3-[4,5-dimethylthiazol-2-y]-2,5-diphenyltetrasodiumbromide tetrazolium; Sigma, USA) was added into each well and incubated for 4 h. Dimethyl sulfoxide was added 100 mL per well to stop the reactions. The stimulation index = mean OD570 of Cap stimulated cells/mean OD570 of unstimulated cells.
Cytokines release assay by ELISA
Lymphocytes were separated as described above were seeded into a 96-well plate and cultured in RPMI-1640. Then, 2 μg Cap protein was added into each well. The supernatants were collected after 72 h culture. The levels of IFN-γ and IL-13 were tested by porcine IFN-γ and IL-13 ELISA Kits (SenBeiJia Biological Techology, China) according to the manufacturer's instruction.
Detection of PCV2 in blood by real-time PCR (RT-PCR)
Serum samples were collected on 28, 35, 42, 49, and 56 DPI. Virus DNA was extracted from serum samples by DNA extraction kits (Tiangen, China). The PCV2 genomic DNA was detected by RT-PCR as reported previously [23] . Briefly, The PCR primers for detecting PCV2 SD-3 was shown in Table 1 . Quantitative RT-PCR was carried out with a SYBR ExScript TM kit (Takara, China) according to the manufacturer's instructions. Reactions were performed in an iQ5 RT-PCR Detection System (Bio-Rad, USA) under the following conditions: 5 min at 95°C and 40 cycles of 5 sec at 95°C, 10 sec at 60°C, and 30 sec at 72°C. PCV2-T plasmid was quantitated by NanoDrop 2000 spectrophotometer and served to generate a standard curve. The absolute copy number of viral genomes per milliliter in serum was determined and presented as log 10 genomic copies/mL ± standard error of mean (SEM).
Pathologic examination
All piglets were euthanized and necropsied at 56 DPI. The superficial inguinal lymph node and lungs were collected at necropsy. Macroscopic lung lesions were given a score to estimate the volume percentage of the lung affected by pneumonia as previously described [24] . And a gross lymph node lesion score was given to each piglet: 0 = normal; 1 = mild enlargement to 1.1-1.5 times normal size; 2 = moderate enlargement to 1.6-2 times normal size; 3 = moderate enlargement to 2.1-3 times normal size; 4 = severe enlargement to 3.1-5 times normal size.
Statistical analysis
All data were presented as the mean ± SEM. Statistical analyses were performed by one-way analysis of variance and lysergic acid diethylamide test using SPSS 19.0 (SPSS, USA). A value of p < 0.05 was considered as significantly statistical difference.
RESULTS
The expression of Cap-InvC fusion protein
The recombinant adenoviruses rAd, rAd-Cap and rAd-Cap-InvC were generated and used to infect PK-15 cells. The expression of enhanced green fluorescent protein could be observed under inverted fluorescence Microscope after 48 infection (Fig. 1A-E) . Protein of Cap-InvC and Cap was detected by Western blot. As shown in Fig. 1G , the protein bands of rAd-CapInvC and rAd-Cap were shown at approximately 54 kD and 28 kD, and no band was observed in rAd infected cells. The band of GAPDH could be observed in all the 3 recombinant adenoviruses infected cells. This result indicated that the Cap-InvC fusion protein and Cap protein could be expressed by rAd-Cap-InvC and rAd-Cap, respectively.
Clinical evaluation
Respiratory symptom was characterized by tachypnea and labored abdominal respiration, but no coughing was observed. Other clinical symptoms noted in individual pigs in PBS and rAd groups included anorexia and diarrhea. The mean clinical respiratory scores in ZJ/C-strain and rAd-Cap-InvC groups were significantly lower than those in PBS treated group from 30 DPI to 42 DPI (p < 0.05). Respiratory symptom and rectal temperature were minimal and similar in the ZJ/C-strain and rAd-Cap-InvC groups ( Table 2) . But dyspnea and tachypnea after being stressed were observed in group rAd and PBS from 30 DPI to 42 DPI. During the same period, rectal temperatures of the 2 groups were above normal. And mean rectal temperature of group PBS and rAd was peaked at 40.7°C at 36 DPI and 34 DPI, respectively ( Table 2) .
Detection of antibody in recombinant adenovirus immunized piglets
PCV2 specific antibodies were measured by ELISA following vaccination with rAd, rAd-Cap, rAd-Cap-InvC, ZJ/C-strain vaccine, and PBS. As shown in Fig. 2 , PCV2 specific antibodies levels increased in rAd-Cap, rAd-Cap-InvC, and ZJ/C-strain vaccine groups after 14 DPI following booster immunization. After challenge, the antibodies levels peaked at 35 DPI. And the antibodies levels in rAd-Cap-InvC and ZJ/C-strain vaccine groups were higher than that of Immune enhancement of Cap-InvC fused protein in pigs rAd-Cap (p < 0.05). There was no difference in the specific antibody levels between rAd and PBS groups (p > 0.05). PCV2 neutralization antibody titers were shown in Fig. 3 . The overall change trend of the neutralization antibody titers was similar with that of PCV2 specific antibody. However, the neutralization antibody titer in rAd-Cap-InvC group was significantly higher than those of other groups from 21 DPI to 42 DPI. These results demonstrated that rAd-Cap-InvC was more efficiently to stimulate the production of neutralization antibody against PCV2 in pigs. higher than those of group ZJ/C-strain and rAd-Cap-InvC (p < 0.05). Lymph node lesion in PBS group was generally similar to that observed in the rAd group. Superficial inguinal lymph nodes were often 2-5 times normal size in the 2 groups. And the gross lymph node lesions of the 2 groups were obviously higher than the group ZJ/C-strain and rAd-Cap-InvC (p < 0.05, Table 4 ). But there was no significant difference between group ZJ/C-strain and group rAd-Cap-InvC.
DISCUSSION
The current commercial PCV2 vaccines are inactivated virus vaccines. A lot of clinical practice and laboratory tests have proved that the specific antibodies induced from PCV2 inactivated vaccines can effectively inhibit the multiplication of PCV2 and reduce the morbidity of PCVAD. However, inactivated vaccines are easy to trigger allergic reaction in animal bodies. Moreover, there is a risk of virulence return once these vaccines were not inactivated completely, and it is hard to distinguish immunization from natural infection. Consequently, the genetic engineering vaccines with high antibody titer and safety are preferred to be used to protect swine from PCV2 infection. Adenoviral vector is one of the important vectors of genetic engineering vaccine. It has many advantages, such as the high infection efficiency, high virus titers, stable expression and no integration property [25] . And it is widely used in the research of genetic engineering vaccines and gene therapy for many serious diseases.
In the present study, our results demonstrated that the recombinant adenovirus expressing Cap-InvC fusion protein could effectively stimulate the immune response to protect piglets against PCV2 infection. And a higher neutralization antibody titer was tested in the piglets immunized by rAd-Cap-InvC in compared with those immunized by inactivated vaccine (p < 0.05, Fig. 4) . And also significantly lower clinical respiratory score, rectal temperature, lesion of lung and lymph node were observed in piglets treated with rAd-Cap-InvC than those of piglets in group PBS, rAd-Cap and rAd (Tables 2 and 4) .
Cap protein of PCV2 has been used as a crucial immunogenicity protein in the research of PCV2 genetic engineering vaccines. However, people found individual application of Cap protein could not stimulate good immune protection. Therefore, many vaccines were designed with Cap protein and some proteins or cytokines to enhance immune responses. Zhang et al. [26] constructed the recombinant adenovirus co-expressing protein of PCV2 Cap and GM-CSF, which can make pigs obtain specific antibodies against PCV2, and the immunized pigs had better feed conversion ratio than the non-immunized group [27] . In a previous study, Ad-CD40L-Cap-GMCSF was constructed by inserting porcine (CD40L and GMCSF into recombinant adenovirus Ad-Cap, the results showed that CD40L and GMCSF can synergistically enhance the protective immune response of PCV2 adenovirus vaccine, and the 2 factors have synergistic effects on lymphocyte proliferation and Th1 cytokine Immune enhancement of Cap-InvC fused protein in pigs As an immunity enhancer, Inv protein has been confirmed to enhance cellular ability to capture antigens and improve immune effects of vaccines [19, 29] . Inv gene encodes invasion which binds tightly to β1-integrin and expresses on cell surface [30] . Over expression of Inv protein in cells could sufficiently induce β1-integrin production [31] [32] [33] . InvC containing 192 amino acids of C-terminal domain of invasin protein is essential to bind with β1-integrin and plays an important role in strengthening immune stimulation [18, 34] . InvC gene fragment is small so that it can be easily manipulated and modified [19] . In this study, InvC gene was fused with PCV2 Cap gene to enhance the immune effects of Cap gene. The neutralization antibody titer in rAd-Cap-InvC group was significantly higher than those of rAd-Cap and ZJ/C-strain vaccine groups (p < 0.05). This result indicated that rAd-Cap-InvC was more efficiently to stimulate the production of neutralization antibody against PCV2 in pigs. Lymphocyte proliferation and cytokine levels are 2 important indexes of cellular immune response. The binding of InvC to β1-integrin receptors of host cells can induces activation of NF-κB and MAP kinases, and thereafter promotes the production of proinflammatory cytokines and T cell responses. Our results showed that lymphocyte proliferative levels and IFN-γ and IL-13 levels of rAd-Cap-InvC and ZJ/C-strain vaccine groups were higher than those of rAd-Cap group (Fig. 4) . These results indicated that recombinant adenovirus with InvC could induce higher cellular immune response. This result indicated that rAd-Cap-InvC was better than the inactivated vaccine based on the neutralization antibody titer level. Although the commercial inactivated vaccine has very good efficacy, the complex components of inactivated vaccine might trigger allergic reaction and cause harmful immune reactions. However, the efficacy of rAd-Cap-InvC in commercial pig herds needs to be further investigated.
In conclusion, we successfully constructed the recombinant adenovirus rAd-Cap-InvC coexpressing PCV2 Cap protein and immune enhancement factor InvC. Our results showed that the recombinant adenoviruses rAd-Cap-InvC could increase the neutralization antibody titer and protect pigs against PCV2 infection. Therefore, we inferred that InvC gene was an alternative immunologic stimulator for genetic engineering vaccine.
